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The adsorptions of small gas molecules (CO, NO and NO2) on group III (B, Al and Ga) doped graphene are
investigated using ab initio density functional theory calculations, to exploit the potential applications of
graphene as toxic gas sensors. For enabling practical gas sensing applications, the effect of water vapour
on the sensing properties of these doped graphenes are also studied. The most stable geometries of gas
molecules on these doped graphenes are determined and the adsorption energies are calculated. Our
results show that the structural and electronic properties of B-doped graphene are sensitive to NO and
NO2, but not inﬂuenced by the adsorption of CO and H2O. The chemisorptions of CO, NO, NO2 and H2O
on Al- and Ga-doped graphene were evident from large adsorption energies, large charge transfers and
were conﬁrmed by analysis of band structures and density of states. Hence Al- and Ga-doped graphenes
can be used as good sensors for detecting CO, NO and NO2. The calculations also indicate that B-doped
graphene can be used as an excellent gas sensing platform for detecting NO and NO2, whereas Al- and
Ga-doped graphene may not be suitable choices for harmful gas detection, in the presence of water
vapour.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Reported in various literature since 2004 [1], graphene has
attracted wide attention for usage as a gas sensing material. The
unique properties of graphene such as high speciﬁc surface area,
extremely low Johnson noise, unusual carrier density dependent
electrical conductivity and limited crystal defects make it an
ideal choice for developing high performance solid-state gas
sensors [2e6]. It has been observed that pristine graphene (PG) is
insensitive to almost all gases due to the weak physical adsorp-
tion of gas molecules on its surface [7e9] which limit the prac-
tical application of graphene based gas sensors. For improving
the sensitivity of PG towards gas molecules, the method ofaminathan), vmittal@pi.ac.ae
B.V. This is an open access article udoping has proved to be very efﬁcient [10e15]. Doping of gra-
phene with group III atoms such as boron (B), aluminium (Al)
and gallium (Ga) has shown signiﬁcant improvement in the
sensing capability of graphene due to the strong adsorption of
gas molecules on the doped graphene surface compared to PG
[10e12,16e29].
Zhang et al. [10] observed that boron doping in graphene
enhances the interactions between small gas molecules (CO, NO,
NO2 and NH3) and graphene. They found that only weak phys-
isorption takes place between CO and B-doped graphene,
whereas the B-dopant act as strong chemisorption site for NO,
NO2 and NH3. Dai et al. [11] also suggested that boron-doped
graphene (BG) can be used as a good sensing material for the
detection of important polluting gases such as NO and NO2 based
on theoretical study on the adsorption capability of graphene
doped with boron, nitrogen, aluminium and sulphur towards
common gases such as H2, H2O, O2, CO2, CO, NO2, NO, SO2, NH3
and N2. Among these doped graphenes, aluminium-dopednder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Optimized structure of PG sheet.
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the gases [11]. Using ﬁrst-principles calculations, Ao et al. proved
that AG shows high sensitivity to CO molecules [16]. Chi et al.
reported strong adsorption of H2CO molecule on AG with much
higher charge transfer from AG to H2CO compared to that of PG
[18]. In addition to these, there have been many theoretical re-
ports on the adsorption property of various other gas molecules
on AG, which indicate the suitability of using AG based nano-
structures as a novel platform for the detection of toxic gases such
HF [19], N2O [21,25], H2S [23], NO2 [25], CO [28,29], CO2 [28] etc.
Ga-doped graphene (GG) has also proved to be a strong adsorbent
for N2O [21], H2S [23] and phenol [24] from simulation based
studies.
In this paper, the adsorptions of several small gas molecules (CO,Fig. 2. Top (left) and side (right) views of optimizedNO and NO2) on GG have been investigated using ﬁrst-principles
approach based on density functional theory (DFT) calculations,
to analyse the effect of Ga-dopant on the sensitivity of graphene
towards these gas molecules and to exploit the possibilities of
graphene as toxic gas sensors. We also report the ﬁrst-principles
simulation of the adsorption of these gas molecules on other
group III (B and Al) doped graphenes, to understand the effects of
doping graphene with B and Al on the structural and electronic
properties of graphene upon interaction with these small
molecules.
In order to use the above mentioned group III doped graphe-
nes as good toxic gas sensing materials in air, it should not get
affected by the constituents of air such as N2, O2 and traces of
water vapour. Dai and Yuan theoretically investigated the
adsorption of O2 on BG, AG [20] and observed that O2 is only
physisorbed on BG with small adsorption energy and long
molecule-graphene distance whereas chemisorption is observed
on AG with large adsorption energy and short molecule-graphene
distance, which shows that BG is inert while AG is strongly
reactive to molecular oxygen [20]. Even though water vapour
represents only a small volume of the air, it is also an environ-
mentally signiﬁcant constituent of atmosphere. For enabling the
detection of harmful gases in air using group III doped graphene,
the effect of the presence of water vapour on the structural and
electronic properties of group III doped graphene need to be
analysed. The adsorption energy and binding distance calcula-
tions from Ref. [11] indicate physisorption of H2O on BG. The
results from the DFT analysis of the adsorption of H2O on thestructures of (a) BG, (b) AG and (c) GG sheets.
Fig. 3. Top (left) and side (right) views of optimized structures of CO molecule on (a) BG, (b) AG and (c) GG sheets.
Fig. 4. Top (left) and side (right) views of optimized structures of NO molecule on (a) BG, (b) AG and (c) GG sheets.
S.S. Varghese et al. / Computational Condensed Matter 9 (2016) 40e55 43surface of AG showed high adsorption energies with short bind-
ing distance and large charge transfer, which indicate chemi-
sorption H2O on the surface of AG [28]. From these studies, we
could conclude that O2 and H2O present in the air get strongly
adsorbed on the surface of AG which leads to false alarm on
employing AG for the detection of other toxic gases. To the best of
our knowledge, there are no systematic theoretical studies to-
wards the adsorption of H2O on the surface of BG and GG and also
on the investigation of structural and electronic properties of BG
and GG before and after H2O adsorption. Therefore, in this work,
we also investigate the adsorption of H2O on graphene doped
with B, Al and Ga using DFT calculations.
2. Computational details
All ﬁrst-principles calculations are performed within the
Abinit code [30] which implements DFT using plane wave basis
set and pseudopotential approximation. Local density approxi-
mation (LDA) exchange correlation functional, which has shown
to be successful for studying weakly interacting systems and has
given binding energies close to the experimental results [31] is
adopted for the study. LDA was also proven to be effective in
accurately describing the interactions of graphene, doped or
defective graphene with various gas molecules [10,13]. The Teter
and Pade (ﬁtting of PW92 data) parameterization have been used
for LDA [32]. A plane wave basis set with a kinetic energy cutoff
of 30 Ha is used for the calculations after doing convergence of
the desired properties. The electron-ion interactions are
described using norm-conserving Troullier-MartinsFig. 5. Top (left) and side (right) views of optimized structurpseudopotentials [33]. Graphene sheet is modelled using a 4  4
graphene supercell containing 32 carbon (C) atoms with 16 Å
distance in the direction normal to the graphene plane in which a
single gas molecule is adsorbed to it. BG, AG and GG are simu-
lated by replacing the C atom with B, Al or Ga atom respectively.
The Brillouin zone is sampled using a 7  7  1 Monkhorst-Pack
(MP) k-point [34], after performing convergence with respect to
the k-point grid. Structural optimization is performed using the
Broyden-Fletcher-Goldfard-Shanno minimization (BFGS) until
the residual forces on each atom were smaller than 0.05 eV/Å.
The density of states (DOS) calculations is done on the MP grid of
15  15  1. The structural and electronic properties of BG, AG
and GG before and after exposure to a single molecule of CO, NO,
NO2 and H2O are studied in this work using the above mentioned
DFT method.
The adsorption energy, Ead is deﬁned as the difference between
the total energy of the relaxed doped graphene system with the
adsorbed gas molecule (E(moleculeþXG)), and the sum of the total
energies of isolated doped graphene (EXG) and gas molecule (Emo-
lecule) inwhich X denotes the considered dopant atom (can be either
B, Al or Ga), as represented in Eqn. (1). The total energies of all the
above mentioned atomic structures were calculated after full
relaxation.
Ead ¼ E(moleculeþXG) e EXG e Emolecule (1)
Charge transfer is calculated using the Hirshfeld charge distri-
bution analysis [35].es of NO2 molecule on (a) BG, (b) AG and (c) GG sheets.
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3.1. Structural properties
As the ﬁrst step, we optimized the atomic geometries of iso-
lated CO, NO, NO2, and H2O molecules, PG and the doped gra-
phene sheets (BG, AG and GG). The calculated bond lengths of
1.14 Å in CO and 1.17 Å in NO are slightly greater than the exper-
imental bond lengths of CO (1.13 Å) and NO (1.15 Å) [36]. In NO2,
the optimized bond length and bond angle are observed to be
1.22 Å and 133.1 respectively (experimental bond length is 1.20 Å
and O-N-O bond angle is 134.3) [36]. The optimized bond length
and bond angle of H2O molecule are calculated to be 0.990 Å and
104.7, which are found to be slightly larger than the experimental
values of 0.958 Å and 104.5

[37]. The lattice constant and C-C
bond length of PG are found to be 2.45 Å and 1.41 Å (Fig. 1), which
are close to the experimental values of 2.46 Å [38] and 1.421 Å
respectively [39].
Fig. 2 shows the obtained optimized structures of BG, AG and
GG. BG retains the planar geometry of PG as seen in Fig. 2 (a) due to
the comparable atomic sizes of C and the B atom dopant, which is in
accordance with previous results [11,23]. In AG and GG, the planar
geometry of PG is found to be distorted due to the stress introduced
by Al or Ga atom having a larger size compared to the C atom. In
both AG and GG, the dopant atom protrudes out of the graphene
layer at a distance d from the graphene plane of d ¼ 1.302 Å for Al,
and d ¼ 1.049 Å for Ga. The dopant atom-carbon distance is found
to be d (B-C) ¼ 1.49 Å in BG (Fig. 2 (a)), d (Al-C) ¼ 1.84 Å in AG (Fig. 2Fig. 6. Top (left) and side (right) views of optimized structures(b)) and d (Ga-C) ¼ 1.76 Å in GG (Fig. 2 (c)), which are also in
agreement with previous theoretical studies [11,23].
After determining the relaxed geometry of the XG sheets, as
the next step, their adsorption properties with considered gas
molecules are examined by ﬁrst relaxing different initial
adsorption conﬁgurations of gas molecules with respect to the XG
sheet.3.1.1. CO on graphene
To ﬁnd the most favourable adsorption conﬁguration of CO
molecule on XG sheets, three different orientations were tested.
One in which the CO molecule is placed parallel to the graphene
plane, the other two with the CO molecule perpendicular to the
graphene plane with the O atom above the C atom and the other
way around. The most energetically stable adsorption conﬁgu-
ration of CO on XG sheets are identiﬁed by comparing the
adsorption energies of the optimized geometries obtained from
the considered initial states of CO molecule on doped graphenes.
The favourable adsorption geometry of CO on BG, AG and GG are
found to be the same in which the molecule is oriented
perpendicular to the graphene plane with the C atom close to the
graphene plane (Fig. 3 (a)-(c)). We also observe that there is no
signiﬁcant change in the atomic structure of BG after CO
adsorption and the minimum atom-to-atom distance between
CO and the BG is 3.12 Å (Fig. 3 (a)). The structure of AG and GG
are found to be dramatically changed by the adsorption of CO
(Fig. 3 (b), (c)). The observed structural change in AG by the
adsorption of CO is similar to that reported in Refs. [16,29]. Theof H2O molecule on the top of (a) BG (b) AG and (c) GG.
Fig. 7. Electronic band structures of (a) PG (b) BG (c) AG and (d) GG, where EF is set to zero.
Table 2
Hirshfeld charge distribution analysis of the dopant atom, three C atoms around dopant atom and the adsorbed gas molecules on the surface of XG.a
System C1 C2 C3 B Al Ga CO NO NO2 H2O
PG 0 0 0 e e e e e e e
BG 0.059 0.059 0.059 0.014 e e e e e e
AG 0.107 0.107 0.107 e 0.274 e e e e e
GG 0.027 0.027 0.027 e e 0.027 e e e e
CO-BG 0.062 0.062 0.062 0.005 e e 0.047 e e e
CO-AG 0.106 0.106 0.106 e 0.181 e 0.166 e e e
CO-GG 0.032 0.032 0.032 e e 0.145 0.238 e e e
NO-BG 0.069 0.069 0.069 0.011 e e e 0.163 e e
NO-AG 0.087 0.087 0.087 e 0.205 e e 0.034 e e
NO-GG 0.020 0.020 0.020 e e 0.119 e 0.062 e e
NO2-BG 0.038 0.037 0.039 0.033 e e e e 0.123 e
NO2-AG 0.077 0.078 0.060 e 0.230 e e e 0.203 e
NO2-GG 0.012 0.014 0.010 e e 0.087 e e 0.128 e
H2O-BG 0.064 0.056 0.061 0.009 e e e e e 0.007
H2O-AG 0.125 0.115 0.123 e 0.216 e e e e 0.300
H2O-GG 0.047 0.039 0.045 e e 0.102 e e e 0.334
a A negative sign indicates electrons gained, whereas positive sign implies electron lost by the atom (the unit of charge is electron).
Table 1
Values of adsorption energy and molecule-sheet distance of CO, NO, NO2 and H2O above XG sheets.
CO NO NO2 H2O
BG Ead in eV 0.153 0.375 1.450 0.170
x in Å 3.12 2.65 1.69 2.86
AG Ead in eV 0.929 1.610 3.474 1.323
x in Å 2.00 1.82 ~ 2 1.94
GG Ead in eV 0.960 1.401 3.050 1.284
x in Å 1.94 1.79 1.80 1.93
S.S. Varghese et al. / Computational Condensed Matter 9 (2016) 40e55 45
Fig. 8. The DOS of (a) PG (b) BG (c) AG and (d) GG. The black vertical line represents
the EF of all the systems, set to zero.
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(Ga-C) in AG and GG respectively, upon interaction with CO
molecule (Fig. 3 (b), (c)). After CO adsorption, the dopant atoms
protrude more outwards, with d ¼ 1.39 Å for Al and d ¼ 1.18 Å
for Ga respectively. The molecule-sheet distance is found to be
2 Å and 1.94 Å in CO-adsorbed AG and GG respectively (Fig. 3 (b),
(c)).
The bond lengths before and after CO adsorption are compared
to investigate for possible dissociation of the gas molecule upon
adsorption. The bond length in isolated CO molecule is 1.14 Å, and
even after adsorption on XG sheets, the bond lengths are found to
be almost the same (1.13 Å, 1.14 Å and 1.14 Å in CO adsorbed BG, AG
and GG systems respectively) (Fig. 3 (a)-(c)). These observations
make it clear that there is no dissociative adsorption of CO on XG
sheets.
3.1.2. NO on graphene
The most favourable adsorption conﬁgurations of NO mole-
cule on different doped graphenes are determined by considering
three different initial orientations of NO molecule, one in which
the NO molecule is parallel to the graphene plane, and the other
two with the NO molecule oriented perpendicular to graphene
plane with the O atom above the N atom and the other way
around, similar to that considered for CO molecule. The ener-
getically stable geometry of NO molecule on XG sheets are
observed to be the same in which the molecule is oriented
perpendicular to the graphene plane with the N atom close to the
graphene plane (Fig. 4 (a)-(c)), similar to the relaxed geometries
of CO on XG (with C replaced by N). Fig. 4 (a)-(c) show that the
adsorption of NO leads to structural changes in XG sheets. The
bonds around the dopant atoms elongate to 1.89 Å (Al-C) and
1.82 Å (Ga-C) in AG and GG (Fig. 4 (b), (c)), whereas in BG, it
shortens to 1.48 Å (B-C) respectively, upon interaction with NO
molecule (Fig. 4 (a)). The elevation of the dopant atoms increases
to 1.45 Å in AG and 1.24 Å in GG respectively after NO adsorption
due to the strong attraction between the adsorbed NO molecule
and the Al or Ga dopant. After full relaxation of the NO adsorbed
XG systems, the NO molecule is found to located be at a distance
x above the XG sheets of x (B-N) ¼ 2.65 Å (Fig. 4 (a)), x
(Al-N) ¼ 1.82 Å (Fig. 4 (b)) and x (Ga-N) ¼ 1.79 Å (Fig. 4 (c))
respectively.
The calculated N-O bond length is found to be 1.17 Å before
adsorption and after adsorption on AG and GG sheets, the bond
length got slightly extended to 1.2 Å and 1.19 Å, respectively
(Fig. 4 (b), (c)), whereas it reduced to 1.16 Å after adsorption on
BG sheet (Fig. 4 (a)). The low differences between the bond length
value of NO before and after adsorption on XG sheets indicate
that there is no dissociative adsorption of NO on BG, AG and GG
sheets.
3.1.3. NO2 on graphene
The most stable adsorption conﬁgurations of NO2 on XG sheets
are determined by examining different initial orientations with
either the N or O atom nearest to the graphene surface. Fig. 5 (a)-
(c) show the energetically stable adsorption geometries of NO2
adsorbed on BG, AG and GG sheets respectively. NO2 is favourably
adsorbed on the surface of BG via the N atom with the N-O bonds
oriented upwards (Fig. 5 (a)). The B atom protrudes out of the
graphene plane with a distance of 0.49 Å and the formed B-N
bond has a short length of 1.69 Å. The B-C bonds extend to 1.53/
1.54 Å after NO2 adsorption (Fig. 5 (a)). In the case of AG and GG,
the energetically stable geometry of NO2 molecule is the one with
the O atom close to the graphene plane and with the N-O bonds
pointing down (Fig. 5 (b), (c)). The bonds around the dopant
atoms elongate to 1.9/1.91 Å (Al-C) and 1.83 Å (Ga-C) in AG and
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elevation of the dopant atoms increases to 1.53 Å in AG and 1.36 Å
in GG respectively after NO2 adsorption. After full relaxation of
the NO2 adsorbed XG systems, the NO2 molecule is found to
located be at a distance x above the XG sheets of x (B-N) ¼ 1.69 Å
(Fig. 5 (a)), x (Al-O) ¼ ~2 Å (Fig. 5 (b)) and x (Ga-O) ¼ 1.8 Å (Fig. 5 (c))
respectively.
The N-O bond length in isolated NO2 molecule is 1.22 Å and the
interaction of NO2 with XG sheets extend the bond length to 1.24 Å
in BG, ~1.3 Å in AG and 1.34 Å in GG (Fig. 5 (a)-(c)). These results
indicate NO2 adsorption on BG, AG and GG sheets is non-
dissociative in nature.
3.1.4. H2O on graphene
For obtaining the most stable adsorption conﬁguration of H2O
on different doped graphenes, the adsorption site considered is the
one inwhich oxygen atom is placed on top on the dopant atom. The
following orientations of H2O with respect to the doped graphene
sheet are examined: starting from the oxygen atomwith O-H bonds
parallel to the graphene surface (p), O-H bonds pointing up (u) and
O-H bonds pointing down (d).
The adsorption energy and the binding distance are calculated
for all adsorption conﬁgurations of H2O on BG, AG and GG sheets.
We observe that the planar geometry of BG remains undisturbed
after H2O adsorption, which is evident from Fig. 6 (a). For BG, the
stable H2O adsorption geometry is the one in which the O atom of
H2O is located on the top of the B-dopant with the O-H bond
oriented downwards (Fig. 6 (a)). In both AG and GG, H2O
adsorption results in elongation of the X-C bond of d (Al-C) ¼ 1.85 ÅFig. 9. Electronic band structures of (a) CO adsorbed(Fig. 6 (b)) and d (Ga-C) ¼ 1.79 Å (Fig. 6 (c)) as compared to the BG
with the same d (B-C) ¼ 1.49 Å (Fig. 6 (a)). The elevation of Al and
Ga atoms increases to 1.331 Å and 1.220 Å respectively upon H2O
adsorption. After structural relaxation of the H2O-adsorbed XG
systems, the H2O molecule is found to located be at a distance x
above the XG sheets of x (B-O) ¼ 2.86 Å (Fig. 6 (a)), x (Al-O) ¼ 1.94 Å
(Fig. 6 (b)) and x (Ga-O) ¼ 1.93 Å (Fig. 6 (c)) respectively. The
energetically most stable adsorption geometry of H2O on both AG
(Fig. 6 (b)) and GG (Fig. 6 (c)) are found to be the one in which the
dopant atom is facing towards the O atom of the H2O molecule
with the O-H bonds oriented upwards i.e. away from the graphene
sheet.
The O-H bond lengths of the H2O adsorbate before and after
adsorption on XG are also calculated to investigate for possible
dissociation of H2O upon adsorption. The isolated H2Omolecule has
a bond length of 0.990 Å, whereas after adsorption on BG, AG and
GG, the bond lengths are found to be 1.0 Å, 1.01/1.0 Å and 1.0 Å
(Fig. 6 (a)-(c)) respectively. Hence we could conclude that there is
no dissociative adsorption of H2O on the considered XG sheets. This
is in agreement with the report of non-dissociative adsorption of
H2O on AG surface [28].
3.2. Energetic properties
The energetic properties of the adsorption of CO, NO, NO2 and
H2O on XG sheets are studied by calculating the adsorption en-
ergies and are presented in Table 1. The negative Ead values of the
considered gas molecules on XG sheets show exothermic reactions
which are thermodynamically stable.BG (b) CO adsorbed AG and (c) CO adsorbed GG.
Fig. 10. The DOS of (a) BG and CO adsorbed BG (b) AG and CO adsorbed AG (c) GG and
CO adsorbed GG.
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The adsorption energy of CO on BG is 0.153 eV, and the
molecule-sheet distance is 3.12 Å, which are in good agreement
with the reported values of 0.14 eV and 2.97 Å [10]. The low
adsorption energy and long binding distance observed for CO on
BG indicate weak interactions and thus corresponds to phys-
isorption process. The observed weak interactions between CO
and BG are consistent with other reports [10,11]. On the other
hand, large adsorption energies (0.929 on AG and 0.960 eV on
GG) and short binding distances (2.0 Å on AG and 1.94 Å on GG)
(Table 1) suggest strong interaction of CO molecule with AG and
GG, corresponding to chemisorption mechanism. This high
sensitivity of AG and GG towards CO molecule could be attributed
to the local curvature in graphene introduced by the dopant
atoms (Al and Ga). The observed strong reactivity of AG to the
adsorption of CO is consistent with other similar studies
[16,28,29]. The interactions are found to be stronger in the case of
GG.
3.2.2. NO on graphene
The adsorption energy of 0.375 eV and the binding distance of
2.65 Å for NO on BG are close to the values (0.341 eV and 2.38 Å)
reported in Ref. [11]. These results indicate strong interactions be-
tween BG and NO and are consistent with earlier theoretical reports
[10,11]. NO is chemisorbed on AG and GG with large adsorption
energies (1.610 eV and 1.401 eV on AG and GG) and short
molecule-sheet distances (1.82 Å and 1.79 Å for AG and GG),
respectively (Table 1). The calculated Ead and binding distance
values of NO on AG are close to the values reported in Ref. [11]. The
interaction of NO with AG is found to be much stronger than that
with BG and GG.
3.2.3. NO2 on graphene
The results presented in Table 1 show that NO2 undergoes
chemisorption on the surfaces of BG, AG and GG sheets with large
adsorption energies of 1.450 eV, 3.474 eV and 3.050 eV on XG
sheets respectively and binding distances less than 2 Å. The
calculated Ead and molecule-sheet distance for NO2 adsorption on
BG, matches well with the reported values of 1.37 eV and 1.67 Å
[10]. Hence BG, AG and GG are strongly reactive towards NO2. The
observed reactivity of BG and AG to NO2 agrees well with previous
theoretical predictions [10,11,25]. As Ead of AG is greater than that of
BG and GG, the adsorption is found to be much stronger on AG
surface, than that on BG and GG sheets.
3.2.4. H2O on graphene
For H2O adsorption on BG, small adsorption energy and large
binding distance indicate weak physical adsorption of H2O on BG
surface, whereas in AG and GG, large adsorption energies and short
binding distances (Table 1) indicate strong interactions and thus
correspond to chemisorption of H2O on both AG and GG surfaces.
The obtained adsorption energy (1.323 eV) and the AG-H2O dis-
tance (1.94 Å) are found to be close to the values reported in
Ref. [28]. This high reactivity of AG and GG to H2O is due to the local
curvature induced by the Al- and Ga-dopants, being larger in size
compared to the host carbon atoms.
3.3. Electronic properties
Table 2 shows the Hirshfeld charge distribution analysis per-
formed on BG, AG, GG and gas molecule-adsorbed XG systems,
which shows the charge state of the dopant atoms and the
adsorbed gas molecules. Apart from these, the electronic charge
state of three nearest C atoms surrounding the dopant are also
illustrated in Table 2 as these are much more than that of theother carbon atoms in the sheet. In PG, all the carbon atoms are
neutral and hence they possess zero charge state. Upon replacing
C atom with B, Al or Ga atom, the three C atoms around the
dopant strongly attract electrons from the dopant atom and
attain a charge state of 0.059, 0.107 and 0.027 in BG, AG and
GG respectively, due to the fact that electronegativity of C atom is
much higher that of these group III atoms. Thus the dopant
atoms lose electronic charge [21,40] and attain charge
state of þ0.014 for B in BG, þ0.274 for Al in AG. But in GG, Ga
S.S. Varghese et al. / Computational Condensed Matter 9 (2016) 40e55 49shows a charge state of 0.027 due to the partial overlapping of
its density with the neighbouring C atoms due to the larger size
of Ga, compared to B and Al, than the host C atoms.
The electronic band structures of XG before and after gas
adsorption are calculated to analyse the effect of adsorption of
several gas molecules on the electronic properties of XG. Fig. 7
(a)-(d) present the band structures of PG, BG, AG and GG along
the high symmetry points (G-K-M-G) of the hexagonal Brillouin
zone of graphene. In PG, the valence and conduction bands cross
at the K-point with zero energy band gap and the linear
dispersion of valence and conduction bands seen in Fig. 7 (a) is in
accordance with the reported results [4,41]. Upon doping with
group III atoms, (having one electron less than that of C atom), it
was found that the Dirac point shifts above the Fermi energy
level (EF) of the doped systems (Fig. 7 (b)-(d)), due to the hole
doping behaviour of group III atoms and hence the doped gra-
phene systems behave as p-type semiconductors [40]. In addition
to this, doping with group III (B, Al and Ga) atoms introduce band
gaps of 0.184 eV (Fig. 7 (b)), 0.109 eV (Fig. 7 (c)) and 0.238 eV
(Fig. 7 (d)) respectively in graphene. The observed increase in the
electronic states with high electron density near EF in the band
structures of BG, AG and GG (Fig. 7 (a)-(c)), compared to that of
PG are in agreement with reported literature [23].
To further determine the effect of adsorption of CO, NO, NO2 and
H2O on the electrical conductivities of XG, the electronic DOS of XG
before and after gas adsorption are calculated. The DOS of PG
presented in Fig. 8 (a) shows zero charge carrier density at EF and
hence the electrical conductivity of PG is quite low [2,4,42]. Fig. 8
(b)-(d) show the DOS of BG, AG and GG respectively, in which theFig. 11. Electronic band structures of (a) NO adsorbedDirac point is seen shifted towards the conduction band. This
shifting of the Dirac point into unoccupied states indicates
enhancement in the electrical conductivity of graphene after
doping with B, Al or Ga [23].3.3.1. CO on graphene
After the adsorption of CO on BG sheet, there is only a slight
increase and decrease in the electronic charge states of the C
neighbours and the B-dopant atom respectively with a charge
state of 0.047 for the adsorbed CO molecule, as presented in
Table 2. These results show that there is no charge transfer be-
tween CO and BG, similar to that reported in Ref. [10]. When CO
is adsorbed on AG via the C atom, Al atom loses electronic charge
of 0.181, and the adsorbed CO molecule gets a charge state of
0.166. In CO-adsorbed GG system, Ga atom gains more electronic
charge of 0.145 and the adsorbed CO molecule attains a charge
state of 0.238. The carbon atoms around the Al- and Ga-dopant
experience slight decrease and increase in charge state of
around 0.106 and 0.032 respectively. Thus the adsorption of
CO on AG and GG result in signiﬁcant change in the charge state
of Al- and Ga-dopant atom due to the charge transfer between
AG or GG and the CO molecule. These results are in agreement
with their adsorption energies. These results show that a
chemical bond is formed between the Al or Ga dopant and the
gas molecule in CO-adsorbed AG and GG systems.
The band structures of CO adsorbed on BG, AG and GG sys-
tems are shown in Fig. 9 (a)-(c). There is almost no change in the
band structure of BG after CO adsorption and the observed band
gap in CO adsorbed BG system is 0.198 eV. On comparing thisBG (b) NO adsorbed AG and (c) NO adsorbed GG.
S.S. Varghese et al. / Computational Condensed Matter 9 (2016) 40e5550band gap with that in BG, there is only a negligible increase of
~0.014 eV, which indicate that the electronic structure of BG is
not sensitive to the presence of CO. Signiﬁcant changes are found
near EF in the band structures of CO adsorbed on AG and GG
systems. The band structures of CO adsorbed on AG and GG have
indirect band gaps of 0.030 eV (Fig. 9 (b)) and 0.185 eV (Fig. 9 (c)),
in which the top of the valence band is located at the K-point and
the bottom of the conductive band is at the G-point. Thus the
adsorptions of CO on AG and GG have resulted in a large decrease
in the band gaps of AG and GG. These band structure plotsFig. 12. The DOS of (a) BG and NO adsorbed BG (b) AGindicate that the electronic properties of AG and GG are highly
sensitive to the adsorption of CO. The observed change in the
band structure of AG after CO adsorption and that reported in
Ref. [29] are in good agreement.
Fig. 10 (a)e(c) present the DOS of BG, AG and GG before
and after CO adsorption. There are no distinct changes in the DOS
of BG near EF after the adsorption of CO (Fig. 10 (a)) and hence it
would not result in a notable change of electrical conductivity of
BG, which is consistent with that reported in Ref. [10]. Therefore,
we could conclude that BG is not sensitive for the presence of COand NO adsorbed AG (c) GG and NO adsorbed GG.
S.S. Varghese et al. / Computational Condensed Matter 9 (2016) 40e55 51molecule. After CO adsorption, the DOS of CO adsorbed AG
and GG systems have changed considerably, due to strong CO-Al
or Ga interactions (Fig. 10 (b), (c)). The large peaks that
appear above EF indicate clear increase of DOS in the region
above EF and are expected to increase the conductivities of CO on
AG and GG. These results suggest that AG and GG can be used as
good candidates for sensing CO. The obtained DOS of CO on
AG are consistent with those reported in other studies [16,28,29].
3.3.2. NO on graphene
Upon adsorption of NO on BG, B atom gains electronic charge
of 0.011 along with increase in the electronic charge states of the
C neighbours to 0.069 and NO gets a charge state of 0.163, indi-
cating obvious charge transfer between NOmolecule and BG sheet,
in agreement with that reported by Zhang et al. [10]. When NO is
adsorbed on AG, Al atom loses electronic charge of 0.205, C atoms
surrounding the Al-dopant attain lower charge state of 0.087 and
the adsorbed NOmolecule gets a charge state of0.034. In the case
of GG, Ga atom gains more electronic charge of 0.119 and the
adsorbed NO molecule attains a charge state of 0.062. The carbon
atoms around the Ga-dopant experience a slight decrease in the
charge state. The observed variations in the charge state of the
group III dopants after NO adsorption (Table 2) indicate notable
charge transfer between NO and BG, AG or GG and is consistent
with the calculated adsorption energies. This charge transfer be-
tween NO and XG sheets result in strong bond formation between
the dopant atoms and the adsorbed NO molecule. The band
structures of BG, AG and GG with adsorbed NO molecule show
indirect band gaps of 0.035 eV, 0.007 eV and 0.010 eV respectivelyFig. 13. Electronic band structures of (a) NO2 adsorbedas seen in Fig. 11 (a)-(c). The valence band maximum of NO
adsorbed BG, AG and GG systems are located at the K-point, and the
conduction band minimum at G-point. On comparing the band gap
of BG before NO adsorption (0.198 eV) and after NO adsorption
(0.035 eV), it was observed that the band gap has reduced signiﬁ-
cantly. These results show that the electronic properties of BG are
strongly inﬂuenced by the adsorption of NOmolecule on its surface.
Even though, there exists a small band gap in BG, the band gaps in
AG and GG are found to be almost closed after NO adsorption
(Fig. 11 (b), (c)), which clearly show that the interactions of NOwith
AG and GG are expected to bring about notable changes in the
corresponding electronic properties.
The DOS of BG, AG and GG with and without adsorbed NO
molecule are presented in Fig. 12 (a)-(c). Fig. 12 (a) shows that the
DOS of BG has changed slightly upon adsorption of NO, compared
with the DOS of BG, and a large peak appears just above EF after
exposure to NO. Thus the adsorption of NO causes a clear increase
in DOS above EF and signiﬁcant increase in the electrical con-
ductivity of BG is expected. This is in close agreement with that
reported by Zhang et al. [10]. The adsorption of NO have
dramatically changed the DOS of AG and GG systems and a larger
peak appear just above EF as shown in Fig. 12 (b) and (c). Thus the
chemisorption of NO on AG and GG will give rise to a large in-
crease in the electrical conductivities of AG and GG due to strong
graphene-molecule interactions. The observed high sensitivity of
BG, AG and GG to NO makes it possible their usage as efﬁcient NO
gas sensors. Our suggestion on the applicability of BG as NO gas
sensors are in agreement with previous theoretical predictions
[10,11].BG (b) NO2 adsorbed AG and (c) NO2 adsorbed GG.
Fig. 14. The DOS of (a) BG and NO2 adsorbed BG (b) AG and NO2 adsorbed AG (c) GG
and NO2 adsorbed GG.
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B-dopant gains signiﬁcant charge of 0.033, whereas the C
atoms surrounding the B-dopant exhibit signiﬁcantly reduced
charge state upon NO2 adsorption on BG. The adsorbed NO2
molecule attains a charge state of0.123.When NO2 is adsorbed on
AG, Al atom loses electronic charge of 0.230, and the adsorbed NO2
molecule gets a charge state of 0.203. In the case of NO2 adsorbed
on GG, Ga atom gains more electronic charge of 0.087 and the
adsorbed NO2 molecule attains a charge state of 0.128. The charge
state of carbon atoms surrounding the Al or Ga-dopant also reduce
signiﬁcantly after NO2 adsorption (Table 2). The signiﬁcant change
in the charge state of B-, Al- and Ga-dopant after NO2 adsorption is
due to the charge transfer between BG, AG or GG and the NO2
molecule. The large charge transfers between NO2 and BG or AG are
consistent with other similar studies [10,25]. Consistent with the
adsorption energies, the results of charge distribution analysis of
NO2 adsorbed on BG, AG and GG systems indicate strong bond
formation between the dopant atoms (B, Al or Ga) and the adsorbed
atom.
The band structures of BG, AG and GG with adsorbed NO2
molecule shown in Fig. 13 (a)-(c), exhibit indirect band gaps of
0.568 eV, 0.421 eV and 0.445 eV respectively. The interactions of
BG, AG and GG with NO2 has led to large increase in the band gap
widths of about 0.370 eV, 0.312 eV and 0.207 eV respectively,
compared to that of BG, AG and GG before adsorption. The observed
band gap width of 0.568 eV in BG adsorbed NO2 is very close to the
reported value of ~0.6 eV [11]. These results indicate that the
electronic properties of BG, AG and GG are highly sensitive to the
adsorption of NO2.
The DOS of BG, AG and GG has changed drastically after NO2
adsorption as seen in Fig. 14 (a)-(c) due to strong NO2-BG, AG or
GG interactions. The DOS plot of NO2 adsorbed on BG (Fig. 14 (a)) is
consistent with that reported in literature [11]. These results
imply that the chemisorption of NO2 on BG, AG and GG induce
signiﬁcant change in electrical conductivities of BG, AG and GG,
which suggests that the BG, AG and GG are sensitive to the
adsorption of NO2 and therefore can be used as novel gas sensors
for detecting NO2. Our prediction of the suitability of BG as gas
sensing material for the detection of NO2 agree very well with
previous simulation based studies [10,11] and recent experi-
mental ﬁndings [43].
3.3.4. H2O on graphene
Upon H2O adsorption on BG, it was observed that there is only
a slight increase and decrease in the electronic charge states of
the three neighbouring C atoms and the B atom respectively,
along with a charge state of 0.007 for the adsorbed H2O molecule
which shows negligible charge transfer between BG and H2O. But
when H2O is adsorbed on the top site of AG, Al atom loses
electronic charge of 0.216, and the adsorbed H2O molecule gets a
charge state of 0.300. Similarly in the case of H2O adsorption on
GG, Ga atom gains more electronic charge of 0.102 and the
adsorbed H2O molecule attains a charge state of 0.334. These
results show that a chemical bond is formed between Al or Ga
atom and the adsorbed H2O molecule, which are in good
agreement with their high adsorption energy values. The carbon
atoms around the Al and Ga-dopant attain more electrons with a
charge state of around 0.12 and 0.04 respectively. Thus the
adsorption of H2O on AG and GG result in signiﬁcant change in
the charge state of Al- and Ga-dopant atom due to the charge
transfer between AG or GG and the H2O molecule (Table 2) and
are consistent with recent similar studies [28]. The carbon atoms
surrounding the dopant atom experience an increase in the
charged state after adsorption of H2O. The enhanced reactivity of
AG and GG towards H2O adsorption could be attributed tothe large change in the electron density around these dopants
[28].
The band structures of H2O adsorbed on BG, AG and GG systems
are presented in Fig. 15 (a)-(c). The band structure of H2O adsorbed
BG system remains unchanged and is similar to that of BG with a
negligible increase in band gap of ~0.020 eV, which indicates weak
interactions between H2O and BG. H2O adsorbed on AG and GG
systems exhibit band gaps of 0.297 eV and 0.346 eV respectively,
which shows signiﬁcant increase in the energy band gaps in AG and
Fig. 15. Electronic band structures of (a) H2O adsorbed BG (b) H2O adsorbed AG and (c) H2O adsorbed GG.
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ported increase in band gap in H2O adsorbed AG compared to that
in AG. The observed large difference in band gaps in AG (0.188 eV)
and GG (0.108 eV) before and after H2O adsorption indicates that
interactions of AG or GG with H2O are much stronger than those
with BG. These results imply that the presence of a single H2O
molecule alters the electronic structures of AG and GG.
The DOS of BG, AG and GG before and after H2O adsorption are
presented in Fig. 16 (a)-(c). The DOS of H2O adsorbed BG has no
signiﬁcant changes near EF, on comparing with that of BG as seen in
Fig. 16 (a), and hence this would not lead to a dramatic change in
the electrical conductivity of BG upon H2O adsorption. This fact
suggests that BG is not sensitive to the presence of H2O. The DOS of
AG and GG after H2O adsorption have changed slightly compared to
that of AG (Fig. 16 (b)) and GG (Fig. 16 (c)) due to the interactions
between AG or GG and H2O. The DOS of H2O adsorbed AG and GG
show a small drop at EF (Fig. 16 (b) and (c)), which implies that the
2p orbitals of H2O also take part in the formation of O-X (X ¼ Al or
Ga) bond. Thus the DOS of AG and GG at EF got reduced by the
adsorption of H2O, which is expected to reduce the electrical con-
ductivities of AG and GG. The expected reduction in the conduc-
tivity of H2O adsorbed AG system is consistent with that reported in
recent literature [28]. Therefore, both AG and GG are sensitive to
H2O molecule.4. Conclusion
We have studied the adsorption of small gas molecules (CO, NO,NO2 and H2O) on graphene doped with group III (B, Al and Ga)
atoms using DFT calculations for enabling their application as toxic
gas sensing materials in the presence of water vapour. It was
observed that B-doped graphene exhibits similar structural and
electronic properties before and after CO and H2O adsorption,
suggesting weak physical adsorption of CO and H2O on its surface.
The structural and electronic properties of B-doped graphene are
found to be sensitive to the adsorption of NO and NO2, due to
strong molecule-graphene interactions. Hence B-doped graphene
can be used as good sensors for the detection of toxic gases such as
NO and NO2 in the atmosphere with water vapour, as it is not
sensitive for the presence of H2O molecule. Both Al- and Ga-doped
graphene have large adsorption energies and short binding dis-
tances towards CO, NO, NO2 and H2O adsorption, which suggests
that the interactions of Al-or Ga-doped graphene with CO, NO, NO2
and H2O involve chemisorption. The Hirshfeld charge distribution
analysis, electronic band structures and density of states of these
doped graphene and CO, NO, NO2 and H2O adsorbed doped gra-
phene systems prove that the electronic properties of Al- and Ga-
doped graphene are sensitive to CO, NO, NO2 and H2O molecules,
which would result in notable changes in their electrical conduc-
tivities. The local curvature in the ground state conﬁguration of
graphene doped with Al and Ga due to the large dopant atom-
carbon bond length results in high reactivity of AG and GG to
these gas molecules. Our results suggest that both Al- and Ga-
doped graphene can be used as promising candidates as gas
sensing materials for toxic gases such as CO, NO and NO2. But the
presence of water vapour basically limits the practical applications
Fig. 16. The DOS of (a) BG and H2O adsorbed BG (b) AG and H2O adsorbed AG (c) GG
and H2O adsorbed GG.
S.S. Varghese et al. / Computational Condensed Matter 9 (2016) 40e5554of Al- and Ga-doped graphene structures as efﬁcient toxic-gas
sensing materials.
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